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Cytomegalovirus (CMYV) elicits a potent T-cell response in humans that appears to protect the host from
virus-associated disease. Despite facing strong host defense mechanisms, CMV remains as a lifelong infection
that may reactivate and cause life-threatening disease in immunocompromised individuals. This persistence is
probably assisted by expression of immune subversion proteins of the virus encoded by genes belonging to the
US gene family. These proteins modulate major histocompatibility complex expression in infected cells and
bias in vitro experiments toward the detection of only certain specificities. We have combined the use of
recombinant CMYV, lacking the US2 to US11 region genes, and cytoplasmic gamma interferon staining to define
a more accurate assessment of CMV-specific responses in vivo. Recombinant CMV stimulation reveals a CD8
response much larger than that of parental virus in all donors tested. In some cases, this represented up to
10-fold increases in the number of cells detected. Responses were directed mainly against pp65, IE-1, and pp50
in the majority of donors. In addition, previously unreported IE-2-specific T-cell responses could be detected
in a minority of cases. Furthermore, we observed a less marked increase in the response to mutant CMV by
CD4 T cells in some donors. This suggests that a much broader T-cell response to CMYV exists in vivo than is
revealed by restimulation with wild-type virus and adds to the evidence that the efficacy of immune evasion
strategies may not be as absolute as previously believed.

Human cytomegalovirus (CMV) causes major complications
in immunosuppressed hosts, such as stem cell transplant recip-
ients, human immunodeficiency virus-infected individuals, and
congenitally infected newborns (31, 51). In the immunocom-
petent host, viral replication and associated disease is rare,
implying the importance of protective host immune responses.
Data from both murine models and immunosuppressed hu-
mans has highlighted the critical role of CD8" cytotoxic T
lymphocytes (CTL) (35, 40) and also more recently CD4"
helper T lymphocytes (33, 39, 48). T cells recognize viral an-
tigens in the form of proteolytically processed peptides that are
presented by major histocompatibility complex (MHC) mole-
cules at the surfaces of infected cells.

In the mouse model, murine CMV (mCMV) infection ap-
pears to be controlled by CD8 T cells, with the immediate-early
1 (IE-1) antigen being a major target (36). In humans, the
structural phosphoprotein pp65 (UL83) was identified as the
major immunodominant T-cell antigen (29, 50), and recently,
IE-1 has also been established as an immunodominant antigen
(24). A number of MHC class I-restricted CMV-encoded pep-
tides have been described (5, 6, 9). In the past few years, novel
reagents, such as MHC-peptide tetramers and cytoplasmic
gamma interferon (IFN-v) staining have revealed frequencies
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of CMV-specific CD8 T cells up to several percent of the CDS§
subset (9, 25). Despite the high frequencies of virus-specific
CDS8 T cells, CMV remains with the host for life as an asymp-
tomatic persistent infection.

This relationship between CMV and its host is further com-
plicated because the virus has acquired numerous strategies to
evade immune detection. One such strategy involves the ex-
pression of a number of CMV-encoded gene products that
interfere with the presentation of MHC-peptide complexes on
the surfaces of infected cells. The best-described proteins are
encoded by genes in the US2 to USI11 region of the viral
genome. These genes are expressed within hours after infec-
tion and can have several effects. The US3 gene product is
expressed during the IE phase and causes intracellular reten-
tion of MHC class I complexes in infected fibroblasts (1, 20).
US2 and US11 are expressed during the early (E) phase and
direct the translocation of MHC class I to the cytosol and
subsequent proteasomal degradation (21, 46, 49). Further in-
terference can be attributed to the early-late-expressed US6
gene product, which appears to block TAP-mediated translo-
cation of peptides into the endoplasmic reticulum (27). Very
recently, a role for US10 in MHC class I interference has been
described (7). Genes with similar immunosubversive proper-
ties operate in mCMYV infection during the early phase of
infection and are reviewed elsewhere (37). The overall effect is
a down-regulation of surface MHC-viral-peptide expression,
which serves as a mechanism for evading immune responses by
rendering the virus immunologically silent. Under these cir-
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cumstances, T-cell recognition may be limited to those pep-
tides that are presented prior to the onset of US gene expres-
sion, i.e., proteins expressed during the immediate-early phase
(such as IE-1) and structural proteins inside the virion (such as
pp65). In addition, US2 and US3 have been shown to modulate
MHC class II expression (11, 19, 44). However, despite these
evasive tactics, humans and CMV have evolved to coexist with
little evidence of disease.

Further complexity in the CMV-specific T-cell response is
suggested by recent work on mCMYV infection, which has dem-
onstrated CDS8 T-cell responses to a variety of CMV-encoded
proteins across the viral replicative cycle in the face of immu-
nosubversive early genes (13, 14, 15, 16). This has recently
been corroborated by Elkington et al., who described broad
T-cell responses against several novel CMV antigens in healthy
virus carriers (6). Such findings imply that immune evasion
strategies do not prevent the induction of a diverse T-cell
response and that a number of responses are still unaccounted
for in humans.

An area of interest in CMV is to design a vaccine that will
induce long-term protective immunity. It would therefore be
desirable to include multiple antigenic specificities across many
HLA types. A more accurate knowledge of the global T-cell
response is a prerequisite for such endeavors. The drawback of
using tetramers or peptides is that only a minority of the 160
CMV antigens will be covered. Jones and Sun have described
a genetically modified CMV (named RV798) lacking the US2
to US11 region that does not down-regulate MHC class I on
infected cells (21). This may allow more successful antigen
presentation to T cells. We sought to establish whether recom-
binant CMV preparations could serve as tools for more accu-
rately defining CMV-specific responses in vivo. Using a num-
ber of laboratory CMV strains (AD169, Towne, and Toledo)
and recombinant CMV viruses, we have compared ex vivo
T-cell responses by IFN-y staining and characterized their
target antigens after expansion in vitro.

MATERIALS AND METHODS

Cell lines. Primary chicken embryo fibroblasts (CEF) were produced from
eggs obtained from a specific-pathogen-free colony (Institute for Animal Health,
Compton, United Kingdom). Baby hamster kidney (BHK-21) cells and human
fetal fibroblasts (HFF) were obtained from the European Collection of Animal
Cell Cultures. CEF, BHK-21 cells, and HFF were all maintained in Dulbecco’s
modified Eagle’s Medium (DMEM) supplemented with 2 mM glutamine, 100 TU
of penicillin/ml, 100 pg of streptomycin/ml, and 10% fetal calf serum (FCS).
Epstein-Barr virus (EBV)-transformed B lymphoblastoid cell lines (LCLs) were
also generated in vitro for the donors studied, using the B95.8 strain of EBV.
LCLs were maintained in RPMI supplemented with 10% FCS, 2 mM L-glu-
tamine, 100 IU of penicillin/ml, and 100 pg of streptomycin/ml.

CMV propagation. The following CMV strains were used in this study: AD169
(a kind gift from G. Wilkinson, Cardiff, United Kingdom), Towne and Toledo
(kind gifts from E. Mocarski, Stanford, Calif.), and the recombinant CMV strains
RV35, RV47, and RV798 (kind gifts from Thomas Jones, Wyett Research
Institute) (described in reference 21). They were passaged onto HFF by infecting
the cells at a multiplicity of infection (MOI) of 0.1 and growing them in DMEM
as described above with the inclusion of 4.5 pg of glucose/ml in the medium. The
supernatants were harvested at weekly intervals until 5 days after 100% cyto-
pathic effect was observed, and virus pellets were isolated by ultracentrifugation
of the clarified supernatants. CMV stocks were titered by plaque assay on HFF.

Primary human fibroblasts were established from skin biopsies for nine CMV-
seropositive and three CMV-seronegative donors and grown in DMEM. For
cytotoxicity assays, the fibroblasts were grown to 80% confluence in 75-cm? flasks
and infected at an MOI of 5:1 at various time points prior to the assay. MHC
expression on virus-infected fibroblasts was determined using the anti-HLA-
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ABC (W6/32) and anti-HLA-DP/DQ/DR (CR3/43) monoclonal antibodies (both
from Dako, Ely, United Kingdom).

Generation of recombinant MVA. Recombinant modified vaccinia virus An-
kara (MVA) expressing either pp65, pp150, IE-1, IE-2, glycoprotein B (gB), or
pp50 was used to determine the antigen specificities of recombinant CMV-
specific T cells. Briefly, cDNA was made from RNA extracted from CMV-
infected human fibroblasts. The pp65 gene was amplified from a pp65 expression
plasmid kindly provided by Andreas Moosmann (Munich, Germany). For pp65
(UL83) PCR, the primers were 5'-AGTTCAGGATCCATGGAGTCGCGCG
GTCG and 3'-AGTCGTGGGCCCGCTAGCTCAACCTCGGTGCTTTTTGG.
The IE-1 (UL123) primers were 5’ AGTCTGGGATCCATGGAGTCCTCTGC
CAAGAGA and 3’AGTCTTGCTAGCCCCGGGTTACTGGTCAGCCTTGC
TTC. The IE-2 (UL122) primers were 5'-AGTTCAAGATCTATGCTGCCCC
TCATCAAACAG and 3'-AGTCTTGCTAGCCCCGGGTTACTGAGACTTG
TTCCTCAGG. The pp50 (UL44) primers were 5'-AGTTCAGGATCCATGG
ATCGCAAGACGCGCCT and 3'-AGTCGTGGGCCCGCTAGCCTAGCCG
CACTTTTGCTTCTTG. The glycoprotein B (gB-ULS55) primers were 5'-AGT
CTGGGATCATGGAATCCAGGATCTGGT and 3'-AGTCGTGGGCCCGC
TAGCTCAGACGTTCTCTTCTTCGT. The pp150 (UL32) primers were 5'-A
GTTCAAGATCTATGAGTTTGCAGTTTATCGGTCTAC and 3'-AGTCGT
GCGGCCGCGCTAGCCTATTCCTCCGTGTTCTTAATCTTC. The PCR
products for pp65, pp50, and gB (BamHI and Nhel), IE-1 (BamHI and Smal),
1E-2 (BglII and Smal), and pp150 (BglII and Nhel) were digested with restric-
tion enzymes and ligated with a modified version of the vaccinia virus shuttle
vector pSC11. Restriction digestion and DNA sequencing with gene-specific
primers confirmed all plasmid constructs.

Recombinant MVAs were generated by transfecting the pSC11 plasmid into
10° CEF. These CEF were previously infected with wild-type MVA at an MOI
of 0.1 in 25-cm? tissue culture flasks. Recombinant MVA plaques were then
selected by B-galactosidase screening. After six rounds of plaque purification, the
viruses were expanded by infecting serially greater numbers of BHK-21 cells and
were harvested after visible cytopathic effect occurred. Virus stocks were resus-
pended in phosphate-buffered saline and then subjected to three freeze-thaw
cycles and sonication. Cell debris was removed by low-speed centrifugation prior
to storage of the virus in aliquots at —80°C. Virus titers were determined by
plaque assay on CEF and/or BHK-21 cells. Typical titers were 5 X 107 to 5 X 10%
PFU/ml. A control MVA was also generated, which incorporated empty PSC11
plasmid sequences.

Protein expression of MVA recombinants was evaluated by Western blotting,
IFN-y staining of virus-infected peripheral blood mononuclear cells (PBMC),
and cytotoxicity assays using specific T-cell clones or T-cell lines. Target cells
used for MVA infection in cytotoxicity assays were autologous LCLs.

Cytoplasmic IFN-vy staining. Human fibroblasts (2 X 10°) were infected with
AD169, Towne, Toledo, RV35, RV47, or RV798 viruse at an MOI of 5:1 for 36 h
and either pretreated with IFN-y or left untreated. The monolayers were then
coincubated with freshly isolated PBMC for at least 6 h at 37°C and 5% CO,. As
a positive control, PBMC were stimulated with staphylococcal enterotoxin B.
After the first 2 h of coincubation, brefeldin A (Sigma Aldrich, Poole, United
Kingdom) was added to the cells at a final concentration of 10 pg/ml. The PBMC
were then removed from the fibroblast monolayer and washed prior to being
surface stained with phycoerythrin-labeled anti-CD4 (Dako) and tricolor-labeled
anti-CD8 monoclonal antibodies (Caltag, San Francisco, Calif.). After being
washed again, the cells were fixed and permeabilized and then stained for IFN-y
using a fluorescein isothiocyanate-labeled anti-IFN-y monoclonal antibody (BD
Biosciences, Oxford, United Kingdom), followed by a final wash and then cyt-
ofluorometric analysis. This was carried out on a Coulter XL flow cytometer, and
later examination was assisted by using Win MDI version 2.8 software (available
at the Scripps Research Institute website [http://facs.scripps.edu/software.html]).
Lymphocytes were gated by side scatter and forward scatter, and IFN-y-produc-
ing cells were counted for both CD4 and CDS8 T-cell subsets. All statistical
analyses were performed using the Mann-Whitney test with Graphpad Prism
software.

MHC-peptide tetramer staining. Tetramers were synthesized as described
elsewhere (2) with some minor modifications. The tetramers used incorporated
the following peptides: HLA-B8-restricted IE-1 epitopes (QIKVRVDMYV [QIK]
and ELKRKMIYM [ELK]) and HLA-Al-restricted pp50 epitope (VTEHDT
LLY [VTE]); for pp65 epitopes, HLA-A1 restricted (YSEHPTFTSQY [YSE]),
HLA-A*0201 restricted (NLVPMVATYV) (NLV), and HLA-B*0702 restricted
(RPHERNGFTVL and TPRVTGGGAM). Staining experiments were per-
formed at 37°C for 20 min, followed by washing and staining for surface CD8 on
ice for 20 min.

Expansion of recombinant CMV-specific CTL and specificity analysis. Virus-
stimulated T cells were removed from fibroblast monolayers after 6 h and then
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plated out and incubated at 37°C in RPMI supplemented with 10% FCS, 1%
human serum, 2 mM L-glutamine, and penicillin-streptomycin in the presence of
interleukin 7 (IL-7) (Peprotech, London, United Kingdom). After 7 days, the
cells were fed with fresh medium and 50 U of IL-2 (Chiron, Emeryville, United
Kingdom)/ml. The cultures were then restimulated by incubation with virus-
infected fibroblasts for 6 h, and thereafter, the medium was changed twice
weekly. For specificity analysis, EBV-transformed LCLs were used as target cells.
LCLs were infected with MVA viruses at an MOI of 2:1 overnight at 37°C and
then loaded with >!Cr (Amersham, Little Chalfont, United Kingdom) for 2 h,
washed, and then plated out at 2,500 cells per well. T cells were added to the
targets at various effector/target ratios and incubated at 37°C for 5 h before the
supernatants were harvested and tested for >!Cr release. All results were calcu-
lated with the following formula: (test release — spontaneous release)/(maximal
release — spontaneous release) X 100. MHC-peptide tetramer complexes were
used to track peptide-specific T-cell expansion in virus-stimulated T-cell lines.

RESULTS

Effects of US gene deletion on surface MHC expression. We
first aimed to establish the effects of recombinant CMV infec-
tion on surface MHC levels in human fibroblasts. Infection
experiments were carried out in three donors with a range of
HLA types. Fibroblasts were infected with either the parental
AD169 CMV or one of three mutant viruses, RV35 (lacking
US6 to US11), RV47 (lacking US2 and US3), and RV798
(lacking US2 to US11). The results show that after overnight
infection with AD169 virus, there is almost 2 orders of mag-
nitude down-regulation of MHC class I compared with unin-
fected human fibroblasts (Fig. 1A). In comparison, fibroblasts
infected with recombinant CMVs, RV35 (US6 to US11 mu-
tant) and RV47 (US2 and US3 mutant), displayed up to 1
order of magnitude reduced MHC class I. RV798 (US2 to
US11 mutant) had the least effect, with approximately three-
fold reduction in one case (Fig. 1A).

The results of several experiments, conducted either with or
without pretreatment of cells with IFN-y to enhance the base-
line levels of MHC expression in uninfected cells, are summa-
rized in Fig. 1B and C. Both MHC class I and II levels were
increased when uninfected fibroblasts were pretreated with
IFN-y. Indeed, for MHC class II expression, IFN-y treatment
was obligatory, as baseline levels were extremely low. After
infection with AD169 virus, down-regulation of both MHC
class I and class II was observed, although it was substantially
less than with untreated cells. With recombinant CM Vs, IFN-y
treatment virtually overcame the down-regulation observed,
with RV798 again being the least inhibitory.

Improved T-cell recognition of RV798-infected fibroblasts
by pp65- and IE-1-specific T-cell clones. Having established
that fibroblasts infected with recombinant CMV had higher levels
of MHC than AD169-infected cells, we then proceeded to test
their sensitivity to T-cell recognition using pp65- and IE-1-specific
CDS8 T-cell clones as effectors in 5-h cytotoxicity assays. pp65-
specific clones had been generated previously and were directed
toward the HLA-A*0201-restricted NLVPMVATYV peptide. IE-
1-specific clones were directed against the HLA-A*0201-re-
stricted VLEETSVML peptide. The results indicated that en-
hanced lysis could be achieved when clones were incubated with
targets incubated with recombinant CMV viruses, with the great-
est enhancement in lysis observed with RV798 (Fig. 2). Most
striking was the restoration of very good IE-1-specific target cell
recognition, which was not demonstrable using AD169 virus.
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FIG. 1. Human fibroblasts were grown in monolayers at 37°C and
infected with AD169 virus or one of the recombinant CMV viruses:
RV35 (US6 to US11 deleted), RV47 (US2 and US3 deleted), or
RV798 (US2 to USI11 deleted). After overnight infection, the fibro-
blasts were trypsinized, washed, stained for surface MHC class I and
class II using monoclonal antibodies, and analyzed by flow cytometry.
(A) Representative histogram showing mean fluorescence intensity
(MFI) of fibroblasts under each set of conditions. The black-line over-
lay represents the isotype control. (B) MHC class I and (C) MHC class
II down-regulation in CMV-infected human fibroblasts. The fibro-
blasts were treated with IFN-y 24 h before infection. The data shown
in panels B and C were pooled from three different donor-derived
fibroblast lines. The error bars represent one standard deviation from
the mean.

Screening for ex vivo total CMV-specific responses. We
therefore used recombinant CMV-infected IFN-y-treated fi-
broblasts as antigen-presenting cells in ex vivo assays of CMV-
specific T-cell responses in immune donor PBMC. After the
coincubation of PBMC with virus-infected fibroblasts, re-
sponder cells were stained for surface CD4 and CDS and then,
after permeabilization, for cytoplasmic IFN-y. The initial ex-
periments required optimization of the method. For maximal
responses, fibroblasts needed to be pretreated with IFN-y and
then infected with recombinant virus strains for 36 h before
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FIG. 2. Improved recognition by pp65- and IE-1-specific T-cell
clones. CD8 T-cell clones were tested against CMV-infected autolo-
gous fibroblasts in 5-h chromium release assays. Target cells were
pretreated with IFN-y and then infected at an MOI of 5:1 overnight
prior to being labeled and incubated with effectors at 37°C. Mock-
infected cells were used as controls. The effector/target ratios used
were 5:1 (grey bars) and 10:1 (black bars). (A) As positive controls for
pp65-specific clones, target cells were pulsed with the cognate pp65
peptide NLVPMVATV. (B) For IE1-specific clones, target cells were
pulsed with the cognate IE-1 peptide VLEETSVML. Irrelevant pep-
tide (EBV-encoded HLA-A*0201-restricted GLCTLVAML)-loaded
fibroblasts were used as a further control. The error bars represent one
standard deviations from the mean.

they were used in the assay, whereas maximal AD169-specific
responses were reached by 16 h postinfection (data not shown).
Thereafter, 6- to 12-h coincubation of PBMC with infected
fibroblasts was necessary to detect IFN-y responses.

Nine CMV-seropositive donors were tested with this assay
using a number of different CMV strains. In all cases, RV798
virus-infected stimulators consistently induced stronger re-
sponses than unmodified AD169 (or Towne and Toledo) virus-
infected cells. Representative plots are shown in Fig. 3, where
the RV798 response is significantly higher than that detected
using AD169. Furthermore, there was also an increase with
RV35 and RV47, although it was less pronounced, which prob-
ably reflects cooperative interference with antigen presenta-
tion.

All of the results are summarized in Table 1. The highest
response detected with AD169 stimulation was 2% of all CD§
T cells, and the mean response was 1.03%. Similar frequencies
were detected using fibroblasts infected with Towne (0.99%),
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another high-passage strain of CMV, and with Toledo
(0.95%), a low-passage strain.

The mean response using RV798 virus was 5.83%, with the
highest response at 12.8% of CD8 T cells. This increase in
responding CD8 T cells between RV798 and AD169 was also
statistically significant (P = 0.0008). The mean frequencies of
responding CD8 T cells against RV35- and RV47-infected
fibroblasts were 1.94 and 2.85%, respectively. The superiority
of RV47 over RV35 suggests a greater role for US2 and US3
than for US6 to US11 in some donors. Three CMV-seroneg-
ative donors did not show detectable responses in this assay to
any of the viruses tested.

For CD4 T cells, we also observed an increase in the number of
cells producing IFN-y, but not in all donors tested. Furthermore,
the increase was less marked and was only evident with RV798
virus (Table 2). The highest response detected against AD169
virus was 3.2% of CD4 T cells, and the highest RV798-specific
response was 4.43% of CD4 T cells. The mean responses were
1.24 and 1.55% of CD4 T cells for AD169 and RV798, respec-
tively, but this did not represent a statistically significant differ-
ence (P = 0.6). Coincubation with mismatched virus-infected
fibroblasts and supernatants from virus-infected fibroblasts could
also stimulate good CD4 T-cell responses. This suggested that
exogenous uptake and presentation of antigen by blood antigen-
presenting cells, such as B cells, macrophages, or dendritic cells,
were occurring. In fact, the response to mismatched AD169-
infected fibroblasts was almost always equal to that against
AD169-infected autologous fibroblasts (Table 2). However, these
responses were usually 80 to 90% of those observed with RV798-
infected autologous fibroblasts.

Definition of target antigens using polyclonal virus-specific
effectors. We then proceeded to identify the antigenic targets
of recombinant CMV-specific T cells. For CD8 T cells, this was
addressed by plating out responding PBMC after coincubation
with virus-infected fibroblasts and propagation in vitro. In
some cases, cultures were restimulated with virus-infected fi-
broblasts and maintained for a number of weeks. As expected,
AD169-stimulated cultures showed good lysis of AD169-in-
fected fibroblasts and RV798-stimulated cells recognized
RV798-infected targets. However, AD169-stimulated cells
were also reactive against RV798-infected targets, whereas
RV798-stimulated cells showed poor recognition of AD169-
infected targets (data not shown).

To screen these in vitro-restimulated effector populations,
we generated recombinant MVAs expressing individual CMV
target proteins, namely, IE-1 and IE-2 (both immediate-early
proteins), pp50 (an early protein), and pp65, ppl150, and gB
(late proteins). EBV-transformed LCLs were infected sepa-
rately with each one of the recombinant MVAs (expressing a
CMV protein) or with control MVA.

MVA screening assays showed that in all six CMV seropos-
itive donors studied, pp65-specific lysis could be detected with
either AD169- or RV798-stimulated bulk cultures (Fig. 4).
Interestingly, using RV798, 1E-1-specific responses were evi-
dent in all six donors, whereas only one of the six showed
activity (at low levels) against IE-1 if stimulated with AD169.
The early protein pp50 was revealed to be another major
target, as five out of six donors showed good reactivity to this
antigen, which was not observed in any of the donors when
stimulated with AD169 (Fig. 4). In a few donors, low levels of
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FIG. 3. Elevated frequencies of CMV-specific T cells using recombinant CM V-infected fibroblasts. PBMC were incubated with virus-infected
autologous fibroblasts for 12 h and then removed and stained with monoclonal antibodies for surface CD4 and CD8 receptors. The cells were then
fixed and permeabilized, followed by staining for intracellular IFN-y. Flow cytometric analysis was carried out, with all plots shown gated on
lymphocytes by forward scatter and side scatter. Mock-infected cells were used as negative controls, and staphylococcal enterotoxin B was used
to stimulate T cells as a positive control (not shown) for IFN-y production. CD8 T-cell responses of donor 8 (A) and donor 9 (B) against

mock-infected and virus-infected fibroblasts are shown.

gB, IE-2, and ppl50-specific lysis were also observed with
RV798-stimulated cells that again were not evident using the
parental virus. In contrast, both AD169 and RV798 stimula-
tion did not restimulate responses against any of the targets
used in two CMV-seronegative donors (data not shown). This
result confirmed that RV798 virus efficiently stimulates anti-
gen-experienced T cells rather than naive T cells and restim-
ulates a much more representative range of CD8 T cells than
AD169.

Tetramer-guided tracking of T-cell expansion after recom-
binant CMV stimulation. Two of the donors studied had si-
multaneously been characterized for circulating frequencies of
CMV-specific CD8 T cells using MHC-peptide tetramers. Do-
nors 1 and 2 had detectable responses against pp65, IE-1, and
pp50. We wished to demonstrate directly that these specifici-

ties were restimulated using recombinant CMV. Virus-stimu-
lated cells were cultured and harvested at given time points for
analysis by tetramer staining (Fig. 5). For donor 1, AD169
clearly appeared to restimulate only the known pp65 (NLV)-
specific CD8 T cells, with 10-fold expansions observed,
whereas RV798 restimulated the pp65-specific response and
also both IE-1 (QIK) and pp50-specific (VTE) responses. For
donor 2, AD169 stimulated the low-frequency pp65-specific
(YSE) response but did not affect the other responses despite
the fact that in this donor the frequencies of IE-1 tetramer
(ELK) and pp50 tetramer (VTE) binding cells were 9 and
6.5% of all CD8 T cells, respectively; in contrast, these domi-
nant components were efficiently expanded by RV798 virus.
Detection of protein-specific CD8 T cells using recombinant
MVA. Having shown that CMV-infected autologous fibroblasts

TABLE 1. Ex vivo CD8 T-cell responses against autologous fibroblasts infected with recombinant CMVs

% TFN-y staining of CD8 T cells for donor:

Virus CMYV seropositive CMV seronegative

1 2 3 4 5 6 7 8 9 Mean 10 11 12
AD169 1.7 0.7 0.33 0.36 0.07 1.9 2 0.63 1.54 1.03 0.03 0.18 0.09
Towne 1.53 0.76 0.24 0.31 NT 1.95 1.2 0.64 1.31 0.99 NT 0.12 0.11
Toledo 1.18 0.55 NT? 0.23 NT 1.45 14 NT 0.9 0.95 NT 0.02 0.11
RV35 2.3 3.88 2.42 0.34 0.07 2.32 3.1 0.83 2.17 1.94 0.14 0.12 0.2
RV47 2.55 7.3 2.85 1.57 0.19 2.8 3.62 1.14 2.59 2.85 0.07 0.13 0.16
RV798 4.1 9.2 12.8 2.64 0.6 6.62 5.7 4.9 59 5.83 0.09 0.18 0.13
Mock 0.14 0.08 0.2 0.1 0.03 0.11 0.15 0.05 0.03 0.1 0.09 0.1 0.12
Mismatched” 0.4 0.21 0.14 0.38 NT 0.2 NT 0.16 0.27 0.25 0.04 0.06 0.15

“ Mismatched fibroblasts were infected with RV798.

> NT, not tested.
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TABLE 2. Ex vivo CD4 T-cell responses against autologous fibroblasts infected with recombinant CMVs

J. VIROL.

% TFN-vy staining of total CD4 T cells for donor:

Virus CMYV seropositive CMV seronegative

1 2 3 4 5 6 7 8 9 Mean 10 11 12
AD169 1.9 1.3 32 0.34 0.15 0.59 1.24 0.97 1.5 1.24 0.1 0.07 0.04
Towne 1.63 0.9 2.87 0.32 NT 0.63 1.12 0.76 1.13 1.17 NT 0.1 0.05
Toledo 1.48 0.87 NT? 0.25 NT 0.52 0.9 NT 1.47 0.92 NT 0.06 0.02
RV35 1.45 1.76 2.95 0.29 0.09 0.65 0.92 0.86 1.77 1.19 0.05 0.11 0.1
RV47 1.9 1.64 3.5 0.3 0.16 0.81 0.96 1.18 1.26 1.3 0.1 0.09 0.11
RV798 2.12 2.07 4.43 0.34 0.21 1.1 1.25 1.02 1.42 1.55 0.08 0.1 0.11
Mock 0.06 0.1 0.07 0.06 0.02 0.1 0.09 0.04 0.11 0.08 0.02 0.13 0.07
Mismatched” 1.75 1.22 33 0.3 NT 0.64 NT 0.85 1.27 1.17 0.11 0.2 0.06

“ Mismatched fibroblasts were infected with AD169.
> NT, not tested.

could be used as antigen-presenting cells in ex vivo assays of
IFN-vy production from PBMC, we asked whether MVA-CMV
gene recombinants could likewise be used to assay antigen-
specific CD8 T-cell frequencies ex vivo. This proved to be the
case, as shown in Fig. 6.

The results indicate that all seven donors tested had strong
CDS8 T-cell responses against at least two CMV proteins (Ta-
ble 3). pp65 and IE-1 responses were the most common (seven
of seven donors), followed by pp50 (six of seven donors), with
frequencies of several percent of CD8 T cells for these three
antigens. Responses were also common against gB but infre-
quent against IE-2 and pp150, and all were lower in magnitude.
The total response against these six antigens was in some cases
much lower than that measured against RV798-infected cells,
in other cases equivalent, and in some cases slightly higher.
The higher responses from MVA assays imply that some
epitopes may be suboptimally presented in RV798-infected
cells. Equivalent responses suggest that donor CMV responses
are dominated by the six antigens expressed from MVAs in our
panel. Lower responses imply that other CMV antigens (not in
our panel) were significant targets for CD8 T cells in these
donors.

DISCUSSION

This study highlights the problem of detecting CMV-specific
T cells by using stimulator cells infected with the conventional
AD169 and Towne virus strains. In earlier reports of limiting-
dilution experiments using AD169 or Towne virus as stimula-
tion, there appeared to be a focusing of the response on pp65,
with much lower frequencies of IE-1-specific T cells detected
(29, 50). However, staining with MHC-peptide tetramers or
measurement of peptide-induced IFN-y production showed
that pp65, and also IE-1, can be an immunodominant protein
(24, 25). This discrepancy is probably explained by the con-
certed action of CMV-encoded genes present within AD169
and Towne strains that modulate MHC class I antigen presen-
tation from the IE phase onward. Antigen presentation in
CMV-infected cells is therefore limited either to proteins ex-
pressed very early, before immune evasion is fully operative, or
to protein constituents of the incoming virus particle. The
abundance of pp65, which is a major constituent of both virus
particles and noninfectious particles known as dense bodies

(22, 45), provides the rationale for the observed bias toward
pp65 as the immunodominant antigen.

We have shown that higher frequencies of CMV-specific
CD8 T cells can be detected with a mutant CMV that is
deficient in the US2 to US11 region (RV798), leading in some
cases to a 10-fold increase in the frequency of responding cells.
Furthermore, this approach can give a global picture of CMV
immunity and is not restricted to certain HLA types or partic-
ular CMV proteins, as is the case with other methods. Partial
deletions of the US region had less profound effects on stim-
ulatory function, although our data do suggest a more active
role for US2 and US3, as opposed to US6 to US11, in restrict-
ing antigen presentation in this experimental system. The ne-
cessity to fully delete the US2 to US11 region to optimize
epitope display clearly demonstrates that immune subversion
of MHC-peptide presentation involves cooperative effects of
the different US gene products. This lack of redundancy is in
agreement with mCMV data using a number of deletion mu-
tant viruses (23, 47). Interestingly, the RV798 virus did cause
some MHC class I down-regulation, which was not described
previously (21). Contamination of our RV798 virus stocks was
ruled out after the absence of wild-type AD169 DNA was
verified by PCR. Alternatively, this may have been a conse-
quence of virus-mediated cytopathic effect over the extended
infection period.

With regard to antigen specificity, it is clear from our results
that pp65-specific responses can be restimulated with both
parental and mutant viruses. However, we also show good IE-1
responses with RV798 virus, but not with AD169, in all donors
tested. This is an interesting result, as it has been shown that
pp65 can inhibit the presentation of IE-1 peptides (8) in CMV-
infected fibroblasts. If this phenomenon were true, then we
would not expect increased detection of IE-1-specific CTL
using RV798 virus, which also contains pp65. This suggests that
US protein-mediated inhibition is more important in blocking
IE-1 presentation. The identification of pp50 as a third immu-
nodominant antigen is in agreement with other work (6) and
also intriguing. pp50 is expressed during the E phase of the
human CMYV replicative cycle, when US family-mediated im-
mune subversion is operative. In addition, we have identified
weaker responses against another immediate-early antigen,
IE-2. These are also undetected in AD169-based experiments,
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FIG. 4. Recombinant CMV stimulation reveals broader target range of CMV-specific T cells in seropositive donors. Donor PBMC were
stimulated with either AD169- or RV798-infected autologous fibroblasts and then expanded in vitro with the addition of recombinant IL-2 after
7 days. After 2 weeks, the cultures were restimulated and then, after another 7 days, tested for specificity by 5-h chromium release assays. The target
cells were autologous LCLs infected overnight with MV As at an MOI of 2:1. The effector/target ratios were 10:1 for the data shown.

again implying successful inhibition of IE-2 presentation by US are targets that often represent a minority of the T-cell clones
proteins in this in vitro system. generated in vitro after RV798 stimulation (28, 30). Further-

Very recently, Manley et al. and Mutimer et al. published more, the authors showed that the majority of RV798-specific
work with RV798 virus showing that IE-1, pp65, pp150, and gB clones recognize as-yet-undefined IE- and/or E-phase antigens
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FIG. 5. Tetramer-guided monitoring of T-cell expansion using recombinant CMV-infected target cells. PBMC were incubated with autologous
fibroblasts infected as indicated. The PBMC were then expanded in vitro and stained with MHC-peptide tetramers at different time points to track
the expansion of epitope-specific CD8 T cells. pp65-specific responses are shown by the black filled diamonds, IE-1-specific responses are shown
by the empty squares, and pp50-specific responses are shown by the grey filled circles. For donor 1, we used the HLA-B8 QIK tetramer (for the
IE-1 response), the HLA-A1 VTE tetramer (for the pp50 response), and the HLA-A2 NLV tetramer (for the pp65 response). For donor 2, we
used the HLA-BS ELK tetramer (for the IE-1 response), the HLA-A1 VTE tetramer (for the pp50 response), and the HLA-A1 YSE tetramer (for
the pp65 response). Tetramer-staining populations were recorded as percentages of total CD8 T cells and plotted against time.

(28). Our study confirms this, since we have identified pp50 as
an immunodominant E-phase antigen and IE-2 as a subdomi-
nant IE antigen. In fact, we have detected strong ex vivo re-
sponses (up to 7% of CD8 T cells) against the HLA-A1-
restricted pp50 epitope recently identified by Elkington et al.
(6), often in the absence of strong pp65 or IE-1 responses in
PBMC of several donors (data not shown). These authors also
described low-frequency ex vivo responses against other pro-
teins, such as pp28, gH, UL16, and even US2 and US3. It is
thus clear from our work and the recent literature that immune

evasion proteins do not prevent the priming and long-term
persistence of a diverse CD8 T-cell response against CMV.
The critical questions are whether the various specificities are
maintained by direct priming or cross-priming (26) of CMV-
specific T cells and whether they have a protective role in vivo.

Cross-priming by dendritic cells processing exogenously ac-
quired antigen may allow responses to be induced against a
wide variety of CMV proteins, but many of these cells may be
biologically ineffective, since their cognate epitope is not pre-
sented on CMV-infected stromal cells in vivo because of US2



VoL. 79, 2005

IE-2

IE-1

Control

ENHANCED IMMUNOGENICITY OF MUTANT CMV 2877

ppS0 pp65 pp150

0.4

042 |

08|

4.55 ‘ 2.61 '

1.25 | 04 ||

IFNy —

FIG. 6. Protein-specific IFN-y production by CD8 T cells using recombinant MVA. Autologous fibroblasts were infected with MV As expressing
one of six different CMV proteins or a control MVA at an MOI of 2:1 for 36 h. Fresh PBMC were added to the infected fibroblasts for 6 h, followed
by staining for surface CD8 and cytoplasmic IFN-y. Representative data for donors 6 (A) and 7 (B) are shown. All values indicate frequencies of
CDS8 T cells producing IFN-y in response to the indicated antigen-expressing stimulator cell.

to US11 expressed in the same cell; indeed, this might be seen
as an elaborate virus tactic for tricking the immune system into
sustaining an ineffective response. This was elegantly demon-
strated in mCMYV infection for an immunodominant D"-re-
stricted E-phase-derived antigenic peptide (17). Despite the
high-frequency response, these T cells could only protect mice
against infection with mutant CMV lacking the “immunoeva-
sin” m152 but not against infection with wild-type virus. In
human CMYV infection, this may also be the case for some of
the responses detected.

The fact that equally high-magnitude immune responses can
be detected against antigens expressed across the replicative
cycle suggests that cross-priming plays a major part in response
induction, given that in naturally infected cells immunosubver-
sive genes are expressed from the immediate-early phase on-
ward. pp65, however, may be a special case, because from in
vitro work this protein, as a component of the virion, is actually
available for presentation in infected cells prior to any viral-
gene expression (41). However, it must be remembered that
the virus preparations used for in vitro work are often
composed of pp65-rich nonviral particles, as well as authentic

virions, and this may not reflect the situation in vivo. Conse-
quently, it is as likely that pp65 responses are also cross-
primed; certainly exogenous uptake of pp65 and cross-presen-
tation has been demonstrated in vitro (42).

In addition, we have demonstrated a few cases in which the
CD4 T-cell response is enhanced by using RV798 virus. In
contrast to the massive increase in CDS8 T-cell response against
RV798 virus, the effect on the CD4 response is more subtle,
with increases of <2-fold. Furthermore, experiments with
CMV-infected MHC-mismatched fibroblasts showed that the
majority of the response was probably stimulated by uptake
and presentation via antigen-presenting cells, such as B cells
and dendritic cells, in the responding PBMC fraction. This is
not an unexpected result, because exogenous uptake of antigen
is the conventional pathway for MHC class II antigen process-
ing and presentation. However, despite the increased CD4
responses observed in some donors by using RV798 virus, it is
not clear whether this slight enhancement can be attributed to
improved endogenous MHC class II presentation in fibro-
blasts.

Some caution must be exercised when conclusions are drawn

TABLE 3. Ex vivo CD8 T-cell responses against autologous fibroblasts infected with recombinant MVAs

% IFN-y staining of total CD8 T cells for donor®:

MVA expressing:

CMV seropositive

CMYV seronegative

1 2 3 4 6 7 9 10 12
1IE-1 1.39 6.83 1.6 0.97 1.37 4.8 0.19 0 0
1E-2 0 0.48 0 0.07 0 0.05 0 0 0.07
pp50 0.79 3.33 1.41 0.27 4.15 0.75 0 0 0
ppo65 1.79 0.29 1.46 0.67 2.21 2.75 3.19 0.08 0.06
pp150 0 0.03 0 0 0.4 0 0 0 0
¢B 0.25 0.21 0.12 0 1.3 0.22 0.14 0.04 0.03
Total 4.22 11.2 4.59 1.98 9.45 8.57 3.55 0.18 0.16
RV798 4.1 9.2 12.8 2.64 6.62 5.7 6.8 0.09 0.13

“Total responses shown are the sum of protein-specific responses (after subtracting the background response (control MVA) from each recombinant MVA

response).
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from this type of study. Unlike laboratory CMV strains, which
replicate efficiently only in fibroblasts, natural CMV infection
involves a range of cell types, such as endothelium, hepato-
cytes, smooth muscle cells, epithelial cells, monocytes (18, 32,
43), and even dendritic cells, where it can also impair the
antigen-presenting function (3, 34). However, it is unclear
whether immune-evasive proteins are as effective in different
cell types (12, 38). Furthermore, IFN-y treatment appears to
overcome the inhibitory effect of US proteins in vitro, which
suggests that there may be ongoing competition between CMV
immune evasion proteins and inflammatory cytokines in vivo
(4). Interestingly, Gold and colleagues have shown that
mCMV immune evasion genes are not necessary for virus
persistence. The sizes and phenotypes of virus-specific CD8
T-cell responses were similar in mice infected with either wild-
type virus or mutant virus (lacking mCMV immune evasion
genes). Moreover, both the wild-type and mutant viruses could
be reactivated from immunosuppressed mice (10).

Importantly, the overwhelming fact is that despite CMV
immune subversion, humans have managed to survive and
control infection without any obvious signs of disease. This
suggests that at least some of the T-cell specificities against
CMYV detected by experiments in vitro are protective and keep
the virus under control. It remains to be seen whether the
existence of a pool of “irrelevant” T-cell specificities is detri-
mental to the host, possibly crowding out more biologically
relevant responses for immune space.

The clinical interest in CMYV is presently directed toward
designing a vaccine that will elicit broad and lasting immunity.
For CDS8 T-cell responses, this would require that multiple
antigens be included, with wide HLA coverage to benefit a
larger population. Therefore, the search for novel antigenic
targets is an area of great interest that will be the focus of many
investigators. Here, we show the value of the RV798 virus and
recombinant MVA-CMV gene constructs as tools applicable
to all donors regardless of HLA type and which have the
potential to reveal responses to any CMV antigen. Our data
clearly identify IE-1 and pp50 as immunodominant antigens, in
addition to pp63; future studies may add more proteins to this
list.
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